Materials and experimental methods

Materials: Raw lignin and derivative charcoals
In this work, we used the lignin in the form of powder of a particle size less than 0.250 mm, marketed by Aldrich (France). Its extraction is done using the Kraft process. Derivative charcoals are: lignin char obtained by carbonization of lignin under inert atmosphere and the activated carbon of lignin obtained by physical activation preceded or not by air pre-oxidation.
Carbonization procedure
Carbonization of lignin was carried out in a tubular furnace under nitrogen flow rate of 30 cm 3 /min. Lignin is heated from room temperature to different final temperatures of carbonization with a heating rate of 10°C/min. The selected temperatures are 400°C, 600°C and 800°C. Residence time of the carbonaceous residue in each of the above temperatures is 2 hours. Prepared coals are referred to as CL400, CL600 and CL800.
Procedure of pre-oxidation
The samples of lignin carbonaceous residue are pre-oxidized in the furnace where the carbonization is carried out too. Operation consists of treating the samples under an air flow rate of 25 cm 3 /min at selected temperature for a fixed duration. Duration of pre-treatment is 6 hours and pre-oxidation temperature is 245°C. Choice of the duration and the aforementioned temperature has been the subject of previous work [4] . The sample obtained under these conditions is called CL600 (245°C,6h,air).
Activation procedure
Activation of the pre-oxidized or not charcoals is performed in the same furnace where pre-oxidation and carbonization also perform. The carbonaceous residues, in powder form are activated in carbon dioxide with a partial pressure equal to 1. Once the sample is placed in the oven, it is treated from room temperature to the temperature of activation under nitrogen and with a heating rate of 10°C/min. When the activation temperature is reached and remains constant, nitrogen is interrupted and the carbon dioxide is introduced with a flow rate of 24 cm 3 /min. The sample is kept at the temperature of activation during a fixed time. At the end of the reaction, cooling is carried out under nitrogen. Only are known the masses before and after each treatment. Activated and pre-oxidized then activated samples thus obtained are referred to respectively as CL600 (700°C,tact,CO 2 ) and CL600 (245°C,6h,air) (700°C,tact,CO 2 ) where tact represents the duration of activation. Temperature and activation times examined are respectively 700°C and 30, 45 and 60 minutes.
Spectral characterization
The apparatus used for the characterization by infrared spectroscopy is a Bruker-Tensor 27, which operates in reflection mode. This apparatus is equipped with a Globar source that emits radiation in the region of midinfrared and of a DLaTGS detector. In the unity of Attenuated Total Reflection (ATR), enough of the sample is placed, without prior preparation, on the crystal. In our analyses, the crystal used is the germanium crystal, which allows the acquisition between 4000 and 600 cm -1 in wave number. The number of scans is 20 with a resolution of 4 cm -1 . The device is controlled by OPUS software.
Microscopic characterization
The characterization by transmission electron microscope (TEM) is done on a fine powder, using TECNAI G2/FEI equipment, high voltage (120 KV), provided with a CCD camera. The resolution is 0.35 nm and the enlargement varies from 150 to 500000 x. The characterization by scanning electron microscopy (SEM) of the lignin residues is made on a scanning electron microscope, GEOL JSM T330.
Characterization by X-ray diffraction
The powder diagrams of raw lignin and lignin char are recorded with a diffractometer Siemens D5000 type using K 1 ray of copper ( = 1.5406 Å).
2. 
Results and discussions
The infrared spectra of raw lignin and its derivative charcoals are illustrated in figures 2, 3 and 5. The assignment of the fundamental vibrations of raw lignin, its carbonaceous residues and its activated carbons with or without pre-treatment are grouped in tables 1 and 2. The assignment of vibration bands was made on the basis of previous work carried out on the compounds of the same family and on the basis of the interpretation of the infrared spectra that we have performed for raw lignin and for CL600 [33] .
Infrared spectrum of raw lignin
Identification of the main functional groups of raw lignin is given in the following:
Vibrations of (O-H) groups
The (O-H) stretching vibration appears on the IR spectrum of the raw lignin as a wide and intense massif centered around 3410 cm -1 and having two shoulders at 3600 and 3287 cm -1 (figure 2). The latter's are attributed to the hydroxyl alcoholic groups in phenolic and aliphatic structures [17] [18] [19] [20] [21] . The thin absorption of medium intensity observed at 1417 cm -1 is related to the vibration of (O-H) in-plane deformation of phenolic hydroxyl groups [7, 18] . The thin and weak band at 667 cm -1 is assigned to the (O-H) out-of-plane deformation of primary and secondary aliphatic hydroxyl groups and/or phenolic hydroxyl groups (table 1) [7] . 
Vibrations of (C-H) groups
The bands between 2975 and 2800 cm -1 correspond to the (C-H) asymmetric and symmetric stretching vibrations of aromatic methoxyl groups (-OCH 3 ) and of methylene groups (-CH 2 ) of side chains [17] [18] [19] [20] . The asymmetric and symmetric vibrations of CH 3 in-plane deformation group are respectively located at 1444 and 1361 cm -1 [17] [18] [19] [20] . The band recorded at 1444 cm -1 can also be attributed to the vibration of CH 2 in-plane deformation group [17] [18] [19] [20] . The (C-H) out-of-plane vibration in benzene of guaiacyl type gives rise to bands located at 843 and 796 cm -1 [17] [18] [19] [20] .
Vibrations of (C=O) groups
The shoulder located at 1740 cm -1 is related to the (C=O) stretching vibration of carbonyl groups [20] , indicating the presence of the hydroxycinnamates, such as p-coumarate and ferulates [34] .
Vibrations of (C=C) groups
The stretching vibration for (C=C) in aliphatic chain causes the shoulder at about 1640 cm -1 [10, 32] . While the skeletal (C=C) vibrations in aromatic rings, they are represented by four bands at about 1593, 1565, 1509 and 1454 cm -1 [17] [18] [19] [20] [21] . These are characteristic bands of the lignins of guaiacyl-syringyl type [35] .
Vibrations of (C-O) groups
As regards the (C-O) stretching vibrations, strong band at 1269 cm -1 is due to the cyclic ether groups [18, 19, 22] . Faix and Beinhoff [36] attributed this band to the breathing vibration of guaiacyl core. The (C-O) stretching vibrations of phenols and/or cyclic ethers in the guaiacyls were attached to the signal detected at 1204 cm -1 [18, 19, 22] . The very strong absorption at 1120 cm -1 is attributed to (C-O) of the secondary alcohol (-R 2 CH-OH) and/or aliphatic ether [18, 19] . This band can also be attached to the breathing vibration of syringyl core. However, for Faix [37] , the presence of this band indicates that the lignin is GSH-type. As for the strong absorption located at 1018 cm -1 , it is assigned to the vibration of (C-O) valence of the primary alcohol (R-OH) [18, 19] . According to the above analysis, the main oxygenated groups originally present in the lignin are aliphatic and cyclic ether, carbonyl, methoxyl groups, phenolic hydroxyl groups and primary and secondary aliphatic hydroxyl groups. In addition, this lignin is composed of guaiacyl (G) and syringyl (S) units (GS-type). These units are the main components of hardwood lignins [38, 39] . Figure 3 includes the infrared spectra of raw lignin and the lignin residues carbonized at 400, 600 and 800°C. Corresponding residues are respectively appointed CL400, CL600 and CL800. Compared to the spectrum of raw lignin, the spectra of the three coals present a widening of the infrared bands with a reduction in their intensity and a concomitant loss of resolution as carbonization temperature increases. This is due to thermal treatment of lignin. Indeed, carbonization is accompanied by a loss of mass [40] and the development of a plastic phase by crazing [40, 41] that gives to the material its thermal resistance [40] and its amorphous character shown by the diffractograms of X-rays that we have done (figure 4). Indeed, diffractograms do not have a horizontal baseline. This would indicate that the majority of material is amorphous, that the sequence of the samples crystallinity is very low and the structure of these compounds is a turbostratic structure.
Evolution of functional groups during carbonization
The reduction of the intensity of the band related to (O-H) is due to a consequent loss of oxygenated alcoholic and phenolic groups [7, 17, 21] . The loss of these groups occurs during the carbonization of all biomasses [7, 9-11, 13, 14, 16, 17, 21, 42, 43] . This loss indicates that these functional groups are thermally unstable [10, 11, 42] . Moreover, the bands corresponding to the stretching vibrations of methyl and methylene groups are no longer discernable in the coals. The loss of these groups is in favor of a reduction in aliphaticity [7-10, 13, 17, 43] and an increase in aromaticity [7, 9, 10, 17, 42, 43] . The development of the latter is supported by the increase of intensity of the aromatic vibrations of (C-H) out-of-plane deformation and by the appearance of new absorptions at 851 and 750 cm -1 attached to these vibrations ( Regarding (C=O) vibration at 1740 cm -1 related to the carbonyl groups, it takes the form of shoulder on the infrared spectra of CL400 and CL600 as in the case of raw lignin (table 1) . The (C=C) stretching vibrations related to the aliphatic functional groups, which appear as shoulder around 1640 cm -1 on the IR spectrum of raw lignin, persist in the same form in the case of CL400 and disappear in the case of CL600 and CL800 [10, 43] . However, the skeletal vibrations (C=C) in the aromatic rings that existed in the lignin persist in the three coals [10, 13, 42, 43] with a slight shift to either low or high frequencies (table 1) . In this regard, no explanation is advanced in the literature [7, 17] . Finally, the (C-O) stretching vibrations gather in broadband. The intensity of this band decreases when carbonization temperature increases. Considering this infrared characterization, the continuation of the work will be performed on CL600, seeing that it is the carbonaceous residue which contains the least amount of volatiles matters. Figure 5 contains the infrared spectra of CL600 and CL600 activated at 700°C for 30, 45 and 60 minutes with pre-treatment (b) and without pre-treatment (a). The pre-treatment is carried out under air at 245°C for 6 hours. Figure 5a shows that when the activation time is less than or equal to 45 minutes, resolution and intensity of the bands relating to different groups improve as activation time increases. However, spectrum corresponding to CL600 activated at 700°C for 60 minutes shows a decrease in the intensity of the band assigned to the O-H group and the appearance of three new bands located at 1722, 1713 and 1695 cm -1 attributed to (C=O) stretching vibrations (table 2). The presence of these vibrations indicates that carbon dioxide reacts with the substrate to form the carbonyl groups. The same result was obtained by Yang and al. [44] and Guo and al. [45] . According to Perezdrienko and al. [46] , oxidation of some alcoholic hydroxyl groups into carboxyl and aldehydes groups would be at the origin of the progressive increase in the intensity of (C=O) absorption band and the decline of the (O-H) band during activation. The formation of carbonyl groups leads to the decrease of the thermoplastic nature and the development of porosity. These phenomena also appear clearly on images taken by SEM (figure 6), by TEM and by the values of the specific surface areas (figure 7). At the end of this infrared analysis, it is clear that the formation of oxygen groups by activation under CO 2 depends on the conditions of carbonization and activation. Indeed, the comparison of the different spectra made in the above paragraphs (figures 2 and 4a) indicates that lignin carbonized at 600°C for 2 hours under N 2 then activated at 700°C for 1 hour under CO 2 is the richest sample in functional groups and especially in carbonyl groups involved in the phenomenon of adsorption (table 2) . At this stage of our work, it is possible to advance that above mentioned temperatures and duration of carbonization and activation are the optimal conditions to elaborate an adsorbent from lignin. The pre-treatment of the carbonaceous residues of lignin in presence of oxygen seems to improve the reactivity of chars [47] . This phenomenon is justified by the results in figure 5b . Indeed, examination of the infrared spectra of figures 5a and 5b shows that most of functional groups, initially present in raw lignin (figure 2), are reformed in the activated carbons. In this analysis, we are particularly interested in the carbonyl group, which is involved in the adsorption phenomenon. The intensity of this band is maximum on the spectrum of the CL600 (700°C,60',CO 2 ) sample (figure 5a) and on that of the CL600 (245°C,6h,air) (700°C,30',CO 2 ) one (figure 5b), which are practically similar. So without pre-treatment, the time required to have bands with better resolution is 60 min and with pretreatment, the duration is reduced to 30 minutes. The pre-oxidation allows reducing the activation duration. This was explained in a previous work [47] by the results related to the activation yield of the residue non preoxidized and of the residue pre-oxidized at 245°C for 6 hours. Pre-treatment at 245°C for 6 hours reduced activation time to 50 %, intensifies and improves resolution of bands related to different oxygenated groups. The presence of all of these groups and more particularly that of carbonyl group is of great interest in the phenomena of adsorption. Moreover, adsorption tests of methylene blue and methyl orange that we have done onto raw lignin, on its derivative charcoals and on commercial activated carbon showed that the activated carbon of lignin has adsorption capacities equal and even superior to those of commercial activated carbon.
Evolution of functional groups during activation
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Conclusions
Characterization by infrared spectroscopy has allowed to identify the different oxygenated groups of raw lignin and to follow their evolution after carbonization and then activation preceded or not with a pre-oxidation.
Oxygenated groups initially present in the lignin are the aliphatic and cyclic ether, carbonyl, methoxyl, phenolic hydroxyl groups and primary and secondary aliphatic hydroxyl groups. After carbonization, there is decrease in intensity and resolution of the various bands that becomes more important when carbonization temperature increases. Bands related to the vibrations of the aliphatic bindings and the oxygenated groups decrease and those related to the vibrations of the aromatic connections increase. This lead to a thermoplastic character, much more developed for CL800 than for CL400 and CL600. After pre-oxidation and activation, most initially present functional groups in lignin re-form in its activated carbon. The formation of these groups reduces the thermoplastic nature of coal. The study based on the activation time has shown that the best resolution of the bands and the essential oxygenated groups for adsorption are obtained in the case of the lignin carbonized at 600°C and activated at 700°C for 60 min. This is also the case of lignin carbonized at 600°C, pre-oxidized at 245°C for 6 h and activated at 700°C for 30 minutes. Pre-treatment at 245°C for 6 hours reduced activation time to 50 %, intensifies and improves resolution of bands related to oxygenated groups. The presence of all of these groups and more particularly the carbonyl group is of great interest in the phenomena of adsorption.
